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benefits of EVT in addition to standard care (EVT+SC), which includes intravenous thrombolysis where applicable, over SC alone in terms of reperfusion, functional outcome, and mortality. Recent cost-effectiveness analyses based on these trials have shown EVT+SC to be generally cost-effective in large vessel occlusions in the United States, the United Kingdom, and the Swedish healthcare systems [7] [8] [9] [10] (Table 1) . While both proven therapy efficacy and cost-effectiveness of latest generation EVT are rightly considered an important milestone in ischemic stroke treatment, a significant number of patients with large vessel occlusions still do not benefit from this therapy. Although it is important to leave room for the interventionalist to make a decision that is tailored to the individual patient presentation and history, recent trials show associations that can be exploited in a systematic way to support the individual therapy decision.
Recent meta-analyses building on the entire data of the 5 large RCTs allow for subgroup analyses, 11 thereby creating a solid base for more detailed cost-effectiveness analyses. In particular, the therapy effect has been demonstrated to largely depend on the clinical presentation of the patient in terms of the National Institutes of Health Stroke Scale (NIHSS) score, the time from symptom onset (TFSO), and imaging characteristics, such as the Alberta Stroke Program Early CT Score (ASPECTS) and the localization of vessel occlusion.
Our aim was to determine the cost-effectiveness of EVT+SC compared with SC taking into account recent data on the influence of NIHSS score, TFSO, ASPECTS, and occlusion location.
Methods

Model Structure
We developed a decision model using decision-analytic software (TreeAge Pro 2016, version 16.1.1.0; TreeAge, Williamstown, MA) 3 MR CLEAN, 4 REVASCAT, 5 and SWIFT PRIME 6 
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Aronsson et al 9 Health Care Sweden ESCAPE, 2 EXTEND-IA, 3 MR CLEAN, 4 REVASCAT, 5 and SWIFT PRIME Model structure. Patients enter the model on admission for acute ischemic stroke, receive treatment, and enter a health state defined by a modified Rankin Scale (mRS) score after 3 months (short-run model). In the following annual cycles, patients remain in the same mRS state, experience a recurrent stroke with transition to the same or lower states, or die from a nonstroke-related cause (longrun model). □ Decision node, ○ chance node, ◁ terminal node, and M Markov node. The structure of the subtree standard care is identical to endovascular therapy and standard care (clone 1).
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A short-run model was created to analyze costs and clinical outcomes of the index stroke within the initial 3 months. Patients enter the model on admission to the hospital for acute ischemic stroke, receive either EVT+SC or SC and afterward enter 1 of the 7 possible health states according to the degree of disability as assessed by the modified Rankin Scale (mRS) score.
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A long-run Markov state transition model was used to estimate the expected costs and outcomes over a time horizon of 30 years, using a cycle length of 1 year. During each cycle, patients could remain in the same health state, experience a recurrent stroke and recover to the same mRS state or transition to lower mRS states, or die from other causes. Absorbing states were death due to stroke or death due to other causes.
The combination of a short-run model with a long-run model enabled us to combine the data from the short-term outcome derived from the recent RCTs with other data from long-term observational studies. The model structure is visualized in Figure 1 .
Model Input Parameters
Input parameters for the model were based on recently published literature (Table 2 ).
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Initial and Transition Probabilities
The initial probabilities (ie, the probability of entering a specific mRS health state at the end of the initial 3 months) for the total study population and patient subgroups were extracted from a recent meta-analysis by Goyal et al 11 (Table I and Figure I in the online-only Data Supplement). To account for patients who did not receive intravenous thrombolysis, the acute treatment costs implied in both strategies were adjusted by the percentage of patients receiving intravenous thrombolysis. Patients were considered to be 68 years of age, which is the median age in the meta-analysis.
The transition probabilities consisted of the recurrent stroke rate, the age-specific death rate, the probability of staying in the same health state, and the probabilities of reentering the same or a lower health state after recurrent stroke. The recurrent stroke rate is known to decrease over time after the index stroke, which we took into account using a long-term study providing corresponding rates based on the data from 1995 to 2008. 13 The age-specific death rate was drawn from the US Life Table  14 and adjusted according to hazard rate ratios for each mRS health state. 15 The probabilities to reenter the specific mRS health states after a recurrent stroke were approximated for both treatment groups using the initial probabilities of the overall population receiving SC in the meta-analysis. This modeled the recurrent stroke event to share the same features as the index stroke (ischemic large vessel occlusion stroke), a conservative assumption based on literature review.
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Costs
The costs were based on a recent cost-effectiveness analysis in the US setting by Leppert et al 7 and adjusted to 2015 US Dollars according to the medical care component of the Consumer Price Index. 22 In brief, the costs of the index stroke were taken from previous literature using US nationwide estimates of Medicare Costs for EVT and intravenous thrombolysis. Because of the lack of more detailed data, acute and long-term costs adjusted for mRS scores had to be obtained from a study that calculated cost for 3 groups of mRS scores (mRS score, 0-3: discharge to home or home health services; mRS score, 4-5: discharge to skilled nursing facility; mRS score, 6: dead at discharge). 16 Nevertheless, we used a model with health states for each mRS score to integrate as much of the available evidence for the other model input parameters. The costs of recurrent stroke hospitalization were based on Chambers et al. 17 All costs were discounted by 3% each year. All costs were converted to 2015 USD using the medical care component of the Consumer Price Index. EVT indicates endovascular therapy; IVT, intravenous thrombolysis; mRS, modified Rankin Scale; and SC, standard care.
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Utilities
Therapy effectiveness was measured by quality-adjusted life years (QALYs), 24 calculated by multiplying years spent in mRS health states by assigned utility weights. Utility weights were derived from a recent study by Chaisinanunkul et al, 18 combining assessments by patients of the OXVASC trial (Oxford Vascular Study) 25 and by stroke experts of the World Health Organization (WHO) global burden of disease project. 26 Values range from 0.0 to 1.0, with 0.0 representing no and 1.0 representing perfect quality of life. All QALYs were discounted by 3% each year. 23 
Cost-Effectiveness Analysis
Treatment strategies were compared in terms of net monetary benefits, incremental costs, incremental effectiveness, and incremental cost-effectiveness ratios (ICERs). The willingness-to-pay was set to $50 000 per QALY as in recent studies. 7, 8 Net monetary benefits combine costs and effectiveness in 1 measure: net monetary benefit=(QALYs×willingness-to-pay)−costs.
Sensitivity Analysis
We used comprehensive deterministic and probabilistic sensitivity analysis (PSA) to test the robustness of the model. Deterministic 1-way sensitivity analysis was performed to identify variables that significantly influence the model outcomes. The ranges for deterministic sensitivity analysis were determined by the 95% confidence interval of the initial probabilities, by previous expert panel-based values for hazard rate ratios and by ±30% for costs. The utility value ranged between the mean values of the OXVASC trial patient assessment and the WHO global burden of disease project's stroke expert assessment.
Moreover, PSA allows simultaneous alteration of multiple model input parameters using distributions according to probability density functions for second order Monte Carlo simulation runs (n=10 000). 27 The model input parameters were assigned appropriate distributions as indicated in Table 2 .
Results
Base-Case Analysis
In the base-case analysis of the total study population using a time horizon of 30 years, EVT+SC led to increased effectiveness of 1.59 QALYs at increased costs of $4919 compared with SC. The ICER was determined at $3096/QALY.
Deterministic Sensitivity Analysis
The results of the deterministic 1-way sensitivity analysis are presented in Figure 2 , grouped by the categories of model input parameters. Concerning initial probabilities, model outcomes were particularly sensitive to varying the probabilities of the mRS health states 4, 5, and 6. With respect to the strategy EVT+SC, an increase of the probabilities for the mRS health states 4 and 5 led to unfavorable ICER values, whereas an increase of the probability to die due to the index stroke (ie, mRS health state 6) lead to favorable ICER values. These effects were reversed for the strategy SC.
Probabilistic Sensitivity Analysis
Overall, EVT+SC was cost-effective with an ICER of $3110/ QALY in 100% of Monte Carlo simulation runs, indicating robustness of the model.
In all patient subgroups, the mean incremental effectiveness was positive, meaning that EVT+SC led to increased QALYs in all scenarios. Moreover, the mean values for the ICERs were below the willingness-to-pay threshold in all patient subgroups. In patients presenting with a TFSO of more than 300 minutes and in patients presenting with an ASPECTS of 9 to 10 on imaging, EVT+SC was the dominant strategy, meaning that it provided better outcomes at lower costs. The highest mean incremental cost was observed in patients presenting with M2 occlusions ($13 611). The highest mean incremental effectiveness was achieved in patients presenting with internal carotid artery occlusions (2.12 QALYs).
The patient subgroups presenting with an ASPECTS of 0 to 5 or presenting with M2 occlusions yielded the least favorable mean ICERs with $14 273/QALY and $28 812/QALY, as well as the lowest acceptability rates of 75.5% and 59.4% at a willingness-to-pay of $50 000/QALY. All other patient subgroups achieved an acceptability rate >90%. The detailed results of the PSA are shown in Table 3 and Figure 3 .
Discussion
This study investigated the cost-effectiveness of EVT in different subgroups of patients with acute ischemic stroke. In accordance with previous cost-effectiveness analyses, 7-10 EVT+SC was generally cost-effective compared with SC. While different NIHSS scores and TFSO are not likely to compromise cost-effectiveness, cases with an ASPECTS of ≤5 or an M2 occlusion show considerably higher ICERs and only reach suboptimal acceptability rates in the PSA.
Our results are in line with and extend the current literature on cost-effectiveness of EVT in large vessel occlusions. Similar to our study, Leppert et al 7 performed an analysis in a US setting and found an overall ICER for EVT+SC of $14 137/QALY, which is considerably higher compared with the overall ICER determined by our analysis ($3110/ QALY). This can be partially explained by the fact that Leppert et al 7 performed their analysis on the MR CLEAN data, which compared with the other RCTs had shown below-average outcomes compared with the other published RCTs. The other recent studies on cost-effectiveness of EVT in large vessel occlusion had been performed in British 8, 10 or Swedish settings 9 and had also shown EVT+SC to be cost-effective.
Patient subgroup analyses taking different patient characteristics into account have not yet been addressed in latest generation EVT. Ganesalingam et al 8 and Aronsson et al 9 used the pooled data from all 5 RCTs, but did not perform subgroup analyses extending beyond the classification of patients depending on the respective underlying RCT.
The NIHSS is a well-recognized measure for the level of the acute neurological deficit. 28 Our analysis showed that EVT+SC is highly likely to be cost-effective in patients with an NIHSS score of 11 and higher (acceptability of PSA >99.9%). In the subgroup of patients with a mild neurological deficit (NIHSS score, 0-10), the acceptability of PSA was slightly lower (91.5%), probably reflecting the fact that patients in this subgroup have a considerable chance to reach a favorable outcome with SC.
With respect to TFSO, the absolute risk difference for a good outcome for EVT patients has recently been demonstrated to be reduced by 6% per hour. 29 According to our analysis based on TFSO to randomization, however, EVT is highly likely to be cost-effective even in patients presenting more than 5 hours after symptom onset (acceptability rate in PSA: 99.2%). This might be partially explained by the poor outcome of the competing therapy, SC, in this subgroup.
Patients with extensive early signs of infarction (ie, low ASPECTS) are likely to have a poor functional outcome. 30 For this reason, 3 of the 5 RCTs 2,5,6 excluded patients with The subgroups were based on the meta-analysis of 5 randomized controlled trials of EVT+SC vs SC by Goyal et al. 11 All values are mean values derived from probabilistic sensitivity analyses using 10 000 Monte Carlo simulation runs. The WTP was set to $50 000/QALY. ASPECTS indicates Alberta Stroke Program Early CT Score; EVT, endovascular therapy; IC, incremental cost; ICA, internal carotid artery; ICER, incremental cost-effectiveness ratio; IE, incremental effectiveness; NIHSS, National Institutes of Health Stroke Scale; NMB, net monetary benefit; QALY, quality-adjusted life year; SC, standard care; TFSO, time from symptom onset; and WTP, willingness-to-pay.
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an ASPECTS of ≤5 on initial imaging. A recent meta-analysis 11 showed only a nonsignificant trend to favor EVT+SC in this subgroup, and the guidelines by the American Stroke Association only reported a Class IIb, Level of Evidence B recommendation for EVT+SC in patients with an ASPECTS of ≤5. 31 Our cost-effectiveness analysis supports this approach because cases with an ASPECTS of ≤5 have a lower probability of being cost-effective (acceptability rate in PSA: 75.5%). However, it should be noted that small sample sizes (EVT+SC: n=57; SC: n=64) affect the PSA significantly. Therefore, larger studies are needed for the evaluation of this subgroup.
The combination of EVT and SC has originally been only applied in patients with internal carotid artery and M1 occlusions. However, technical feasibility and potential benefits have recently been demonstrated in more peripherally located M2 occlusions, 32, 33 which have only received a Class IIb, Level of Evidence C recommendation by the 2015 guidelines of the American Stroke Association. 31 The pooled data of the 5 RCTs show a considerably lower success rate of EVT in M2 occlusions when compared with more proximal internal carotid artery and M1 occlusions. 11 In our study, this is reflected by a relatively high ICER of over $28 000/ QALY and an acceptability in the PSA of only 59.4% in patients with M2 occlusions. However, to date only relatively small sample sizes (EVT+SC: n=51; SC: n=43) are available. Further research on this patient subgroup is warranted to identify factors influencing clinical outcome and cost-effectiveness. Interestingly, although the adjusted treatment effects of EVT+SC using the outcome measure common odds ratio (cOR) are more favorable in patients presenting within 5 hours compared to later (TFSO≤300 minutes: cOR=2.66; TFSO>300 minutes: cOR=1.76), cost-effectiveness is considered superior in patients presenting later than 5 hours (TFSO≤300 minutes: ICER=$4377/QALY; TFSO>300 minutes: EVT+SC dominant). A similar relationship was present when comparing patients with internal carotid artery occlusions (cOR=3.96; ICER=$3465/QALY) to patients with M1 occlusions (cOR=2.29; ICER=$2459/QALY).
While these results might be surprising at first sight, they can be explained by the results of the deterministic sensitivity analysis. These highlight the importance of the percentage of patients with severe disabilities (mRS scores 4-5), which are affecting the ICERs considerably because of the generation of higher lifetime costs. If EVT+SC manages to decrease the amount of patients with mRS scores of 4 to 5 compared with SC, this will largely benefit its cost-effectiveness. Therefore, the distribution across every level of the mRS in addition to the adjusted treatment effects should be considered in medical decision-making. These initially counterintuitive and subtle effects are difficult to consider when making decisions without explicit modeling. Decision modeling synthesizes all the evidence and provides insights that may otherwise have been too complex to consider.
Patient age is another relevant aspect contributing to clinical decision-making. Modeling the influence of age on costeffectiveness, however, is challenging and requires a more diverse and stratified analysis. 34 Because many relevant model input parameters about age-specific costs, utilities, or transition probabilities are not available and would have to be modeled based on expert opinion, this aspect would have been beyond the scope of this study.
There are some limitations in our study that need to be taken into account when interpreting the results. First, the sample sizes in the subgroups of ASPECTS of ≤5 and of M2 occlusions are relatively small and might affect the results of the cost-effectiveness analysis considerably. This patient sample, however, by now constitutes the largest completely documented cohort of patients in these subgroups.
Second, the acute and long-term treatment costs used by Earnshaw et al 16 were based on the stroke treatment economic model by Caro et al 35 using unit costs from the United Kingdom in 1996. Luengo-Fernandez et al 36 reported cost data based on the Oxford Vascular Study between 2002 and 2007, which are overall comparable but at a maximum 2-fold higher than the costs reported by Caro et al. 35 Because this evaluation was solely based on atrial fibrillation stroke, which only represents a third of the population in the meta-analysis by Goyal et al 11 and is known to be associated with higher costs, 37 we decided against using these data. Because of the lack of more current cost data, the estimates from Earnshaw et al 16 were used and inflated to 2015 US dollars.
Third, the cost data used in our study needed to be grouped and assigned to the mRS score of 0 to 3, 4 to 5, and 6 as more detailed data are not available at this time. This affects the analysis on the part of cost estimation to some extent and must be considered when interpreting our results. Modeling each individual mRS level as health states, however, allowed us to integrate as much of the available evidence about other model input parameters. 7, 9, 16 Using this model, our overall results are also well within the range of previous cost-effectiveness analyses on this topic.
Fourth, there is no general consensus on the definition of an M2 occlusion. In a strictly anatomic sense, the M2 segment begins after its turn from its transverse to the longitudinal direction. 32, 38 Many clinicians, however, consider the first bi-/ trifurcation of the MCA as the beginning of the M2 segment. Because we used a meta-analysis as the basis for costs and effectiveness, there is a certain amount of imprecision on the occlusion location.
Fifth, the analysis was performed from a US healthcare system perspective. A wider perspective, such as a societal one, would also include impacts on the rest of society, including indirect costs caused by the loss of productivity.
In conclusion, our study based on the pooled data of 5 large RCTs confirms that latest generation EVT+SC is generally cost-effective. Particular caution is required in patients with a low ASPECTS and M2 occlusions. Larger prospective studies with more strictly defined inclusion criteria are necessary to further characterize the cost-effectiveness of EVT+SC in these patient groups.
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